The spinal cord has an active role in the modulation and transmission of the neural signals traveling between the body and the brain. Recent advancements in functional magnetic resonance imaging (fMRI) have made the in vivo examination of spinal cord function in humans now possible. This technology has been recently extended to the investigation of resting state functional networks in the spinal cord, leading to the identification of distinct patterns of spinal cord functional connectivity. In this study, we expand on the previous work and further investigate resting state cervical spinal cord functional connectivity in healthy participants (n = 15) using high resolution imaging coupled with both seed-based functional connectivity analyses and graph theory-based metrics. Within spinal cord segment functional connectivity was present between the left and right ventral horns (bilateral motor network), left and right dorsal horns (bilateral sensory network), and the ipsilateral ventral and dorsal horns (unilateral sensory-motor network). Functional connectivity between the spinal cord segments was less apparent with the connectivity centered at the region of interest and spanning < 20 mm along the superior-inferior axis. In a subset of participants (n = 10), the cervical spinal cord functional network was demonstrated to be state-dependent as thermal stimulation of the right ventrolateral forearm resulted in significant disruption of the bilateral sensory network, increased network global efficiency, and decreased network modularity.
INTRODUCTION
The spinal cord is the caudal extension of the brainstem and has an active role in the modulation and transmission of the neural signals traveling between the body and the brain. Disruption of this information flow through injury or disease can cause sensory, motor, and autonomic dysfunction and a plethora of signs and symptoms. Much of our understanding of the neurophysiology and pathophysiology of the spinal cord has been gained through animal research. While animal studies have provided significant information, animal models are limited in their ability to replicate clinical conditions (Berge, 2011) , and innovative methods to directly study spinal cord function in humans are necessary to fully understand the neuropathophysiology of the spinal cord in diseased states.
Recent advancements in functional magnetic resonance imaging (fMRI) and the release of sophisticated tools specifically designed for the analysis of spinal cord images have made the quantitative non-invasive assessment of spinal cord function in humans now possible (Nash et al., 2013; Wheeler-Kingshott et al., 2014; Eippert et al., 2016; Weber et al., 2016a, b; De Leener et al., 2017) , and a growing body of researchers are working to use this new technology to aid in the diagnosis, prognosis, and treatment of diseases afflicting the spinal cord (Martin et al., 2016) . The bulk of spinal cord fMRI studies to date have utilized taskbased designs investigating spinal cord activity during sensory, motor, and/or cognitive manipulations. Recently this line of research has been extended to the study of the intrinsic resting state spinal cord functional networks, in which the temporal covariance between signals in regions across the spinal cord are assessed. These studies have discovered novel patterns of functional connectivity within the spinal cord, (Barry et al., 2014; Kong et al., 2014; Barry et al., 2016; Eippert et al., 2017) and evidence in non-human primates that the spinal cord functional connectivity may be disrupted by disease or injury (Chen et al., 2015; Liu et al., 2016a) . Whether the spinal cord functional network can be modified during an experimental manipulation in humans remains to be investigated.
Here we build on the previous work and characterize the resting state functional connectivity in healthy participants using high-resolution imaging coupled with seed-based functional connectivity measures and graph theory-based metrics. Then in a subset of participants in which imaging was performed during rest and thermal stimulation, we explore statedependent changes in the cervical spinal cord functional network.
EXPERIMENTAL PROCEDURES Study participants
Healthy volunteers were recruited as part of two fMRI studies exploring cervical spinal cord activity. One experiment involved an isometric upper extremity motor task (n = 11), and the second involved thermal stimulation of the right ventrolateral forearm (n = 12) (Weber et al., 2016a, b) . In a subset of 16 participants from these two studies (mean age ± 1 standard deviation = 28.3 ± 2.4 years, 6 females), resting state functional images of the cervical spinal cord were also obtained and analyzed in the present study. Prior to participation, the study personnel informed the participants of the study procedures, and each participant provided written informed consent. All study procedures were approved by Northwestern University's Institutional Review Board.
Image acquisition
Imaging was performed using a 3T Siemens Prisma (Munich, Germany) magnetic resonance (MR) scanner with the participants positioned supine on the scanner bed. The scanner was equipped with a 64-channel head/neck coil, and the head coil elements 5-7 (inferior portion of the head coil) and the anterior and posterior neck coil elements (24 channels) were used to capture the MR signal. During imaging, a SatPad™ cervical collar was used to increase the magnetic field homogeneity across the cervical spine and reduce bulk motion (Maehara et al., 2014) . High-resolution resting state functional images of the cervical spinal cord were acquired with a T 2 *-weighted gradient-echo echo-planar-imaging sequence using ZOOMit selective field-of-view imaging (6 min 40 s, 160 volumes, TR 3D = 2500 ms, TE = 30 ms, flip angle = 80°, slice order = interleaved, acquisition matrix = 128 × 44, field-of-view = 128 × 44 mm 2 , in-plane resolution = 1.0 × 1.0 mm 2 , slice thickness = 3.0 mm, discarded 2 dummy volumes) (Pfeuffer et al., 2002; Rieseberg et al., 2002) . The imaged volume was aligned parallel to the body of the fifth cervical vertebra and spanned from the inferior endplate of the third cervical vertebra to the superior endplate of the first thoracic vertebra with shimming optimized over the spinal canal. For registration of the resting state functional images to template space, a high-resolution T 2 -weighted structural image of the entire cervical spine and upper thoracic spine was acquired using a single slab three-dimensional turbo spin echo sequence with a slab selective, variable excitation pulse (SPACE, TR = 1500 ms, TE eff = 115 ms, echo train length = 78, flip angle = 90°/140°, effective resolution = 0.8 × 0.8 × 0.8 mm 3 , interpolated resolution = 0.8 × 0.4 × 0.4 mm 3 ) (Mugler et al., 2000; Lichy et al., 2005) .
Image preprocessing
Motion correction-Image preprocessing and statistical analyses were performed using the Oxford Center for fMRI of the Brain's (FMRIB) Software Library (FSL) and the Spinal Cord Toolbox De Leener et al., 2017) . Motion correction of the resting state functional time series was performed in two phases using FMRIB's Linear Image Registration Tool (cost function = normalized correlation, interpolation = spline) (Jenkinson et al., 2002) . To exclude areas of non-rigid motion outside the vertebral column due to the respiratory cycle and swallowing, a manually drawn binary vertebral column mask was used to weight the reference image. For the first phase of motion correction, the images across the time series were realigned to the middle volume using a three-dimensional rigid body realignment. The mean image across the time series was then calculated, and the realignment procedure was repeated using the mean image as the reference volume. For the second phase of motion correction, a two-dimensional rigid realignment was performed independently for each axial slice using the mean image from the first phase of motion correction as the reference volume to correct for slice-independent motion (Cohen-Adad et al., 2009; Weber II et al., 2014) . For quality control at each stage of motion correction, the image time series was visually inspected, and the temporal signal-to-noise ratio (TSNR) over the spinal cord was calculated and compared. As motion correction does not correct for all motion-related noise, motion outlier volumes were identified with FSL's motion outlier detection tool using the intensity-based DVARS (root mean square variance of the temporal derivative of the time courses) metric and the default threshold (box-plot cutoff = 75 th percentile + 1.5 × interquartile range (IQR)) (Power et al., 2012) .
Spatial normalization-The MNI-Poly-AMU T 2 -weighted spinal cord template (resolution = 0.5 × 0.5 × 0.5 mm 3 ) was used for spatial normalization (Fonov et al., 2014) . First, the T 2 -weighted structural image of the cervical spine was cropped to only include the C2 to T1 vertebrae. The spinal cord was then segmented from the cropped images, and a vertebral landmarks mask was manually generated . The T 2 -weighted image was then straightened along the spinal cord using the spinal cord segmentation mask, and the structural to template registration was performed using the vertebral landmarks mask to locate the vertebral levels, an affine transformation along the superior-inferior axis, and a non-rigid symmetric normalization in the axial plane (i.e., structural to template). For coregistration of the functional images to structural space, the spinal cord was first manually segmented from the mean motion-corrected functional image. Then the mean motion-corrected functional image and the template image (warped to structural space) were initially registered using the spinal cord segmentation masks followed by a non-linear registration constrained to the axial plane (i.e., functional to structural). The deformation fields from each step were then concatenated allowing for the forward transformation of the functional images to template space and the reverse transformation of region of interest (ROI) template masks to functional space (e.g., MNI-Poly-AMU white matter probability mask) (Fonov et al., 2014) .
Image denoising-Participant motion, the cardiac and respiratory cycles, and cerebrospinal fluid (CSF) pulsations are significant sources of noise for spinal cord fMRI (Giove et al., 2004) . To account for the cardiac and respiratory noise, the respiratory signals, cardiac signals, and MRI volume triggers were collected during scanning (sampling rate = 400 Hz, PowerLab 8/30, ADInstruments Inc., Colorado Springs, CO, USA), and slice specific cardiac and respiratory noise regressors were generated using FSL's physiological noise modeling (PNM) tool (Brooks et al., 2008; Kong et al., 2012) . This approach is based on the retrospective correction of physiological motion effects model (RETROICOR) described by Glover et al. (2000) where each slice is assigned a cardiac and respiratory phase, and then the respiratory and cardiac signals are modeled using a Fourier series (sine and cosine terms) with the principal frequency and the next three harmonics (Glover et al., 2000) . Multiplicative terms were also generated to account for the interactions between the cardiac and respiratory cycles resulting in a total of 32 regressors. Next, a CSF mask was manually drawn using the mean motion-corrected functional image, and a slice-specific CSF noise regressor was generated from the mean CSF signal at each slice. Removal of the white matter signal is a common approach in resting state fMRI analyses (Caballero-Gaudes and Reynolds, 2016) . To extract the white matter signal, the MNI-Poly-AMU template white matter probability map was thresholded at 0.5, eroded to ensure no overlap with the spinal cord gray matter, and warped to functional space. Then a slice-specific white matter noise regressor was generated from the mean white matter signal at each slice.
The motion correction parameters (i.e., x, y, and z rotations and translations from the first phase of motion correction) and physiological noise regressors (cardiac, respiratory, CSF, and white matter signals) were then regressed from the functional time series using FMRIB's Improved Linear Model (FILM). The denoised functional time series was then slice-timing corrected, bandpass filtered (0.010 Hz to 0.198 Hz), and warped to the MNIPoly-AMU spinal cord template. In template space, the spinal cord gray matter was then extracted from the time series using the MNI-Poly-AMU template gray matter probability map (thresholded at 0.5).
Seed-based functional connectivity
Functional connectivity across the entire cervical spinal cord was explored using a seedbased ROI approach. Left-ventral (LV), left-dorsal (LD), right-dorsal (RD), and right-ventral (RV) spinal cord horn ROI masks at eleven locations evenly distributed superiorly and inferiorly across the cervical spinal cord were generated using the MNI-Poly-AMU gray matter probability maps (44 ROI's in total). The ROI's spanned 6 slices (3.0 mm) and were separated by 6 slices (3.0 mm) ( Fig. 1 ). For each participant, the mean denoised time series was extracted from each ROI, Pearson's correlation coefficients were calculated between the ROI's, and correlation matrices were generated. No spatial smoothing was performed before the extraction of the ROI time series to prevent mixing of signals between the dorsal and ventral horns. To assess the strength of functional connectivity between the LV, LD, RD, and RV spinal cord horns, the Fisher transformation of the correlation coefficients was calculated, and the mean ventral-ventral (V-V), dorsal-dorsal (D-D), ventral-dorsal within hemicord (V-D within), and ventral-dorsal between hemicord (V-D between) connectivity strength across the ROI's were calculated for each participant and compared.
To explore the spatial extent of functional connectivity, subject-level statistical connectivity maps from the denoised time series were generated for each ROI using FILM. The design matrix included the mean time-series for each ROI as the explanatory variable and the temporal masks of any motion outlier volumes as covariates of no interest. Prior to the generation of the subject-level functional connectivity maps, a 2 × 2 × 6 mm 3 full width half maximum (FWHM) Gaussian smoothing kernel was applied to the normalized functional time series to improve the signal-to-noise ratio and increase sensitivity. Average group-level statistical connectivity maps for each ROI were then generated using FMRIB's Local Analysis of Mixed Effects (FLAME) stages 1 and 2. Significant connectivity at the grouplevel was identified using a cluster-level, family-wise error (FWE) corrected threshold of p < 0.05 (cluster-defining threshold Z > 1.64 (p < 0.05)) to correct for multiple comparisons. Functional connectivity ipsilateral and contralateral to each ROI was explored within the plane of each ROI (i.e., within segment functional connectivity) and between adjacent spinal cord levels (i.e., between segment functional connectivity) using small volume correction. The number of connected voxels in the LV, LD, RV, and RD spinal cord horns across the entire spinal cord were calculated to quantify and compare the spatial localization of the functional connectivity.
Graph theory-based metrics
The topological properties of the cervical spinal cord functional network were then explored using graph theory-based metrics. Graph theory-based metrics summarize the properties of complex networks and are having increased application in the study of functional brain networks (Rubinov and Sporns, 2010) . The GraphVar Toolbox was used to process and extract the weighted, undirected global clustering coefficient, global efficiency, modularity, and small-worldness graph metrics from each participant using the absolute value of the correlation matrices over a range of link densities (10%, 20%, 30%, 40%, and 50%) (Rubinov and Sporns, 2010; Kruschwitz et al., 2015) . The metrics were normalized using the random networks generated by calculating 100 participant specific random networks with 5,000 iterations. The global clustering coefficient is a measure of functional segregation and describes the interconnectedness of neighboring nodes. Global efficiency is a measure of functional integration with increased efficiency equating to an increased ability to integrate information across the network. Modularity is a measure of segregation within the functional network and represents the degree that the network can be subdivided into separate groups. Small-worldness describes the ratio between segregation of function and integration of information across the network and is calculated by dividing the clustering coefficient of a network normalized by the clustering coefficient of a random network (C/C r ) by the characteristic path length of a network normalized by the characteristic path length of a random network (L/L r ) (Rubinov and Sporns, 2010) .
State-dependent functional connectivity
In a subset of participants (n = 10, 28.4 ± 2.7 years, 2 females) in which imaging was also performed during both rest and thermal stimulation of the right ventrolateral forearm, statedependent changes in the cervical spinal cord functional network were explored. For thermal stimulation, ten 7.5 s warm (43 °C) and ten 7.5 s painful (stimulation temperature providing 65/100 pain on a 101-point verbal numerical rating scale, mean temperature ± 1 SE = 46.6 ± 0.5 °C) thermal stimuli were delivered in a randomized order with a varying interstimulus interval during functional imaging of the cervical spinal cord over the same duration as the resting state scans (160 volumes). See Weber et al. (2016a) for a detailed description of the thermal stimulation protocol (Weber et al., 2016a) . The same imaging and preprocessing methods described above were used for the collection and analysis of the thermal stimulation images. Functional connectivity and the graph theory metrics were compared between resting and thermal stimulation using repeated measures designs.
Statistical analysis
Non-imaging statistical tests were performed in IBM SPSS Statistics for Windows Version 21.0 (IBM Corp., Armonk, NY) using an α < 0.05 as the threshold for statistical significance with Bonferroni correction for multiple comparisons.
RESULTS

Data quality assessment
Visual inspection of the resting state functional time series demonstrated substantial movement artifacts in one participant, resulting in the exclusion of this participant's data. The remaining 15 participants (mean age = 28.1 ± 2.4 years, 6 females) were included in the analyses. Motion correction improved the quality of data collection as indicated by the increase in mean TSNR over the spinal cord. The mean TSNR ± 1 standard error (SE) significantly increased from 11.8 ± 0.4 to 14.0 ± 0.2 (paired t-test, t (14) = 9.530, p < 0.001) following the first phase of motion correction and further increased to 15.1 ± 0.2 (paired ttest, t (14) = 20.209, p < 0.001) following the second phase of motion correction. The mean percentage of volumes identified as outliers ± 1 SE was 1.2% ± 0.3%. Spatial normalization of the functional time series was successfully performed for each participant. Following all preprocessing steps (motion correction, temporal filtering, denoising, slice-timing correction, and spatial normalization), the mean TSNR within the spinal cord gray matter was 82.0 ± 1.2. A significant linear decrease in TSNR along the z-axis from the superior (mean 85.4.5 ± 1.9) to inferior (mean 78.0 ± 2.0) spinal cord slices was present (repeated measures ANOVA, F (1,14) = 8.328, p = 0.012). Despite this, the mean TSNR within the ROI's did not vary appreciably (range = 76.9 -89.8).
Seed-based functional connectivity
Correlation matrices were generated to visualize the functional connectivity across the ROI's. The correlation matrices demonstrated evidence of within segment functional connectivity while between segment functional connectivity was less apparent (Fig. 2 A-B) . Across participants, the strength of the ventral-ventral (V-V), dorsal-dorsal (D-D), and ventral-dorsal within hemicord (V-D within) functional connectivity was significantly greater than zero (one-sample t-tests, df = 14, Table 1 Table 1 ).
To explore the spatial extent of the functional connectivity, group statistical connectivity maps from the denoised time series were generated using the mean time series from the ROI's. Overall, the spatial pattern of functional connectivity paralleled the findings of the correlation analyses with evidence of V-V, D-D, and V-D within hemicord connectivity. V-D between hemicord functional connectivity was the least frequent (Fig. 3) . As in the correlation analysis, between spinal cord segment functional connectivity was also less apparent with the spatial extent of the connectivity limited to a single cluster that was located ipsilateral to the ROI, centered at the corresponding ROI, and spanned a mean superior-inferior distance ± 1 SE of 14.3 mm ± 0.5 mm (Fig. 4) . The ROI's closest to the C5, C6, C7, and C8 spinal cord segments were used to summarize the within and between segment functional connectivity.
State-dependent functional connectivity
State-dependent changes in the cervical spinal cord functional network were then explored in a subset of participants (n = 10) during resting and thermal stimulation of the right ventrolateral forearm. Thermal stimulation resulted in a significant decrease in the D-D functional connectivity compared to resting while V-V, V-D within hemicord, and V-D between hemicord functional connectivity did not statistically differ (paired t-tests, df = 9, Fig. 5A and Table 2 ). The graph theory-based metrics of global clustering coefficient (F (1,9) = 0.034, p = 0.857) and small-worldness (F (1,9) = 1.096, p = 0.323) did not demonstrate state-dependent changes. However, global efficiency was significantly greater during thermal stimulation than resting (F (1,9) = 10.475, p = 0.010) while modularity significantly decreased (F (1,9) = 6.176, p = 0.035) (Fig. 5B) . As bulk motion can confound connectivity measures, the relationship between global efficiency and modularity and the absolute and relative motion was further interrogated; both metrics were not correlated with motion. State-dependent changes in the functional connectivity maps were also explored using paired designs in FSL with FILM; however, no significant differences in the spatial pattern of functional connectivity between the conditions were identified.
DISCUSSION
In this study, we characterized the resting state functional network of the human cervical spinal cord using seed-based functional connectivity measures and graph theory-based metrics. The seed-based correlation analyses and spatial connectivity maps provided complementary evidence, supporting the presence of V-V, D-D, and V-D within hemicord functional connectivity. Between segment functional connectivity was less apparent with the connectivity centered at the region of interest and spanning < 20 mm along the superiorinferior axis. In a subset of participants with imaging performed during resting and thermal stimulation of the right ventrolateral forearm, we then demonstrated that the pattern of functional connectivity was state-dependent. Thermal stimulation resulted in a significant decrease in D-D functional connectivity, increased network global efficiency, and decreased network modularity. Taken together, these findings demonstrate the feasibility of using functional connectivity measures to detect state-dependent changes in the cervical spinal cord functional network.
The identification of V-V and D-D functional connectivity in the present study corroborates the findings of Barry et al. (2014) , who first identified V-V and D-D functional connectivity at 7T in humans (Barry et al., 2014) . Based on the distinct functional roles of the ventral (i.e., motor) and dorsal (i.e., sensory) horns of the spinal cord, Barry et al. described the V-V and D-D functional connectivity as bilateral motor and sensory spinal cord networks, respectively, and hypothesized that these networks may be mediated by crossed spinal circuits, such as the crossed-extensor reflex, central pattern generators, and propriospinal connections, which modulate motor and sensory processes between hemicords. Since the original report, the motor and sensory networks have been shown to have moderate intrasubject reliability and were recently identified at 3T (Barry et al., 2016; Eippert et al., 2017) .
In addition to corroborating previous findings, here we demonstrated that unilateral thermal stimulation altered the D-D functional connectivity. Cutaneous thermal and thermal-pain sensations are conveyed primarily by Aδ-and C-fiber thermoreceptors and temperaturesensitive nociceptors, and their axons project mainly to neurons in the ipsilateral dorsal horn of the spinal cord, which is the first central site of thermal and nociceptive processing (Willis and Westlund, 1997; Green, 2004) . The unilateral influx of sensory input to the right dorsal horn from the right-sided thermal stimulation may have decreased the synchrony in signals between the left and right dorsal horns, reducing the temporal covariance between these regions and disrupting the bilateral sensory network.
Another novel finding in the present study is the identification of V-D within hemicord functional connectivity. In addition to between hemicord circuits, within hemicord spinal circuits between the ipsilateral ventral and dorsal horns, such as the monosynaptic stretch reflex and nociceptive withdrawal reflex, have also been identified (Pierrot-Deseilligny and Burke, 2012). The existence of these circuits can provide a theoretical ground for the V-D within hemicord functional connectivity identified in the present study. However, the exact neurophysiological mechanisms underlying functional connectivity in the spinal cord remain to be elucidated. The identified functional spinal cord networks (bilateral motor, bilateral sensory, and unilateral sensory-motor networks) likely arise from a combination of afferent input, interneuronal processing, and descending neuromodulation. The ability to detect V-D within hemicord functional connectivity in the present study may be due to differences in the imaging parameters, spatial normalization, or denoising procedures. As spinal cord fMRI is a new field, much remains to be optimized in the space of image acquisition and analysis. Collaborative projects across research sites are currently underway to improve and standardize the methods in the field (Wheeler-Kingshott et al., 2014; Martin et al., 2016; Cohen-Adad, 2017; Prados et al., 2017) .
Graph theory-based approaches are commonly used to explore the organization of the functional networks in the brain (for review see (Fornito et al., 2013) ), and graph theorybased metrics have been shown to be sensitive to different brain states (e.g., resting versus task) and diseases affecting the central nervous system Mansour et al., 2016) . Functional brain networks are often characterized as having small-world properties with high local clustering and short path lengths between nodes due to a few long-range connections. The small world organization of brain networks is theorized to have evolved in order to reduce costs and maintain segregation of function while permitting integration of information across brain regions . Recently, Liu et al. (2016b) applied graph theory-based approaches to assess the network properties of the cervical spinal cord at rest and reported that the spinal cord functional network may have smallworld properties (Liu et al., 2016b ).
The present study expanded on the work by Liu et al. (2016b) and investigated statedependent changes in the topological properties of the cervical spinal cord functional network using several graph-based metrics (Liu et al., 2016b ). While we also identified small-world properties of the cervical spinal cord network (small-worldness > 1), neither small-worldness nor global clustering coefficient significantly differed between resting and thermal stimulation. However, the graph theory-based metrics of global efficiency and modularity appear to be sensitive to the changes in the spinal cord functional network during unilateral thermal stimulation. The increase in global efficiency suggests that long-distance connections were increased during thermal stimulation resulting in a reduced characteristic path length of the network. The axons of afferent fibers are known to ascend several spinal cord segments before entering the gray matter of the dorsal horn (Light and Perl, 1979; Coggeshall et al., 1981; Sugiura et al., 1986) . The right-sided afferent input from right-sided thermal stimulation may have increased synchrony between the right dorsal horns across the spinal cord segments leading to more long-distance connections and increased global efficiency. Modularity measures the degree to which a network may be subdivided into distinct and separate groups (Rubinov and Sporns, 2010) . The reduced modularity during thermal stimulation could also be explained by an increase in synchrony between the right dorsal horns during thermal stimulation, which would reduce the presence of individual groups. The decreased D-D functional connectivity during thermal stimulation may have further reduced the modularity by disrupting the within segment functional network groups. While the within-subject design of the present study provided sufficient power to detect these global changes in the network topology, a larger sample size is necessary to provide a more detailed and comprehensive understanding of how the spinal cord functional network varies in different states. Overall, the application of graph theory metrics to spinal cord fMRI may be helpful in quantitatively summarizing changes in complex spinal cord network properties, which may not be apparent when assessing statistical connectivity maps across several ROI's.
We expected to find evidence of between segment functional connectivity as we hypothesized there to be some exchange of information between spinal cord segments. However, strikingly, we did not find strong evidence of between segment functional connectivity at rest with either the correlation analyses or the spatial connectivity maps. Slice-timing did not seem to attribute to the lack of between segment functional connectivity as the same pattern of connectivity was present with or without slice-timing correction. Based on our findings, the spinal cord functional network appears to have more of a regular, lattice like structure at rest with greater information processing occurring locally within a spinal cord segment than across the superior-inferior axis . We hypothesize that tasks which engage multiple spinal cord segments (i.e., a bilateral upper extremity motor task) will demonstrate increased between segment functional connectivity.
Finally, bulk motion is known to confound functional connectivity measures in the brain (Power et al., 2012) . In the present study, we took care to mitigate the effect of motion. The decreased D-D functional connectivity during thermal stimulation was not likely due to motion. Because of the small cross-sectional area of the spinal cord (< 10 mm 2 ), motion would be expected to modulate functional connectivity measures across the entire spinal cord and not be localized to the dorsal gray matter (Kato et al., 2012) . Therefore, the specificity of the connectivity changes to the bilateral sensory network reduces the concerns of motion influencing this finding. The changes in global efficiency and modularity were also not likely due to motion. We thoroughly investigated the association between these graph theory-based metrics and motion and found no significant relationships. Therefore, motion likely had no appreciable influence on the findings.
CONCLUSIONS
Spinal cord fMRI is the only technique currently available to non-invasively study spinal cord processing in humans with high-spatial resolution. Here we confirmed the presence of the bilateral motor (V-V functional connectivity) and sensory (D-D functional connectivity) spinal cord networks, and we identified a unilateral sensory-motor (V-D within hemicord functional connectivity) network. The pattern of functional connectivity and the topological properties of the spinal cord functional network appear to be state-dependent as thermal stimulation disrupted the bilateral sensory connectivity, increased network global efficiency, and decreased network modularity. While this study only investigated heathy participants, the combination of spinal cord fMRI and network based functional connectivity measures may help shape our understanding of the neuropathophysiology of diseases that affect sensory and motor processing in the spinal cord (e.g., chronic pain and spinal cord injury), and the application of these techniques should be explored in clinical populations. Table 1 for the mean correlation strengths and the results of the statistical comparisons. × = correlation value for each participant. Error bars = ± 1 standard error (SE). ** p < 0.01, *** p < 0.001. The spatial extent of the functional connectivity for each ROI was limited primarily to a single cluster that was located ipsilateral to the ROI, centered at the corresponding ROI, and spanned a superior-inferior distance < 20 mm. Each image is an aggregate statistical image of four separate analyses and summarizes the spatial extent of the between segment functional connectivity for the corresponding ROI at the C5, C6, C7, and C8 spinal cord segments. The statistical images were thresholded at a cluster-defining threshold of Z > 1.64 (p < 0.05) followed by a family-wise error (FWE) cluster-level corrected threshold of p < Table 2 for the mean difference in correlation strengths and the results of the statistical comparisons. B) Topological changes in the properties of the functional network were also identified. Global efficiency was significantly greater during thermal stimulation while modularity was significantly decreased. The global clustering coefficient and smallworldness did not statistically differ between the conditions. LV = left ventral, LD = left Table 1 Within Spinal Cord Segment Functional Connectivity 
